Whole vine (K plant ) and individual root (K root ) hydraulic conductances were measured in kiwifruit (Actinidia chinensis Planch. var. chinensis 'Hort16A') vines to observe hydraulic responses following partial root system excision. Heat dissipation and compensation heat pulse techniques were used to measure sap flow in trunks and individual roots, respectively. Sap flux and measurements of xylem pressure potential (Ψ) were used to calculate K plant and K root in vines with zero and ~80% of roots severed. Whole vine transpiration (E), Ψ and K plant were significantly reduced within 24 h of root pruning, and did not recover within 6 weeks. Sap flux in intact roots increased within 24 h of root pruning, driven by an increase in the pressure gradient between the soil and canopy and without any change in root hydraulic conductance. Photosynthesis (A) and stomatal conductance (g s ) were reduced, without significant effects on leaf internal CO 2 concentration (c i ). Shoot growth rates were maintained; fruit growth and dry matter content were increased following pruning. The woody roots of kiwifruit did not demonstrate a rapid dynamic response to root system damage as has been observed previously in monocot seedlings. Increased sap flux in intact roots with no change in K root and only a moderate decline in shoot A suggests that under normal growing conditions root hydraulic conductance greatly exceeds requirements for adequate shoot hydration.
Introduction
Hydraulic conductance of roots has been shown to vary in response to changes in soil conditions and plant requirements. Root hydraulic conductance exhibits a diurnal pattern (Henzler et al. 1999) , thought to relate to the diurnal demand of transpiration (Bramley et al. 2007 ). Treatments including soil drying and re-wetting (Siemens and Zwiazek 2003, Vandeleur et al. 2009 ) and NaCl toxicity (Martínez-Ballesta et al. 2003) have induced rapid changes in root hydraulic conductance.
These rapid changes in root hydraulic conductance, which occur within minutes to hours, differ from longer term changes in root activity that can be observed after a number of days, and can be attributed to growth and anatomical changes (Bramley et al. 2007 ). Rapid changes in root hydraulic conductance have largely been attributed to root aquaporin activity (Javot and Maurel 2002) . In the roots, aquaporins facilitate water transfer across membranes either by gating or by changing in their abundance (Bramley et al. 2007 ). The diurnal trend of root hydraulic conductance, peaking around midday and declining through the afternoon to an overnight low, has been associated with diurnal patterns in the expression of genes encoding aquaporins (Henzler et al. 1999 , Martínez-Ballesta et al. 2003 , Vandeleur et al. 2009 ). Drought conditions have been shown to reduce root hydraulic conductance, and these reductions are often rapid and reversible upon re-wetting. The rapidity of the response suggests the involvement of aquaporins (Siemens and Zwiazek 2003, North et al. 2004) . Roots of grape (Vitis vinifera) vines exposed to drought
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demonstrated changes in root hydraulic conductance and aquaporin transcript expression. Isohydric and anisohydric cultivars showed different responses to the water shortage, with isohydric cultivars exhibiting a larger effect on the diurnal expression of aquaporin transcripts and larger reductions in midday root hydraulic conductance. Upon re-watering, root hydraulic conductance failed to return to pre-drought values, and this was attributed to anatomical changes in the root, including suberization (Vandeleur et al. 2009) .
What is the trigger for these dynamic and rapid changes in root hydraulic conductance? Are roots responding to a hydraulic signal in the form of a change in pressure gradient? If a hydraulic signal is involved, induced by changes in plant water status, then how will the remaining roots respond when part of the root system is damaged? Plants are considered to develop a functional equilibrium between root and shoot area (Geisler and Ferree 1984b) , ensuring sufficient root area to meet canopy demand for water and nutrients. If this equilibrium is disrupted by damaging the root system, do intact roots respond with increased hydraulic conductance in order to maintain water supply to the canopy?
Studies on sunflower and maize have suggested that if part of the root system is damaged, the permeability of remaining roots is increased (Aston and Lawlor 1979) . In hydroponically grown, single-leafed wheat seedlings, removing four out of five roots led to increased hydraulic conductivity in the remaining root, to the extent that transpiration and stomatal conductance were not limited (Vysotskaya et al. 2004) . Hydraulic conductivity observed 5 min after treatment was increased, and was attributed to increased flow through the apoplast since there was no increase in membrane permeability when measured under an osmotic gradient. Hydraulic conductivity measurements 90 min after treatment had increased further, and were attributed to increased cell-to-cell transport. It was suggested that the abscisic acid (ABA) concentration within the roots, which increased 60 min after root excision, might be related to aquaporin activity (Vysotskaya et al. 2004) . Few studies exist regarding root-level hydraulic responses to root damage, and existing research has tended to involve small potted plants, usually monocots and herbaceous eudicots. Little is known regarding the response in woody perennial plants such as the kiwifruit vine.
Root pruning is a technique used in perennial fruit crops for the control of vegetative vigour (Schupp and Ferree 1990, Maas 2008) . A blade is dragged through the soil severing roots along the vine row, reducing the size of the root system. Root pruning is considered to cause reduced vegetative growth through re-allocation of resources to the root system, following disruption of the root:shoot ratio (Geisler and Ferree 1984b ). An alternative explanation is that reduced vegetative vigour is a result of reduced mineral ion supply post-root pruning; however, this theory is not widely supported Ferree 1984b, Schupp and Ferree 1990 ). Significant reductions in vegetative growth have been observed in apple trees (Ferree 1989, Schupp and Ferree 1990) ; however, root pruning of kiwifruit vines has not demonstrated appreciable reductions in vegetative vigour. The procedure has, however, resulted in increased fruit size and improved quality (Patterson et al. 2009 ), and so scientific interest in the technique has been maintained.
The hydraulic system of kiwifruit is typical of other lianoid species, with low axial xylem resistance, high whole plant hydraulic conductance and high rates of transpiration in comparison with tree species such as olive Judd 1983, Dichio et al. 1999) . Low axial resistance is achieved by semi-ring porous wood with xylem vessels averaging 140-160 mm in length and up to 0.5 mm in diameter, connected by simple perforation plates (Condon 1992) . The high water requirements of kiwifruit make this an interesting plant in which to study hydraulic responses to root damage. Research in other fruit crops has shown that root pruning causes responses similar to water stress. Root pruning container-grown apple trees reduced transpiration rates and leaf water potentials, and caused visible leaf wilting (Geisler and Ferree 1984a) , with similar findings in container-and orchard-grown grapes (Ferree et al. 1999 , Smart et al. 2006 . Observations of such hydraulic responses are interesting in regard to increased fruit size observed in kiwifruit, as kiwifruit fruit growth is sensitive to water stress (Judd et al. 1989 ). This suggests that vines are able to overcome the negative impact of root pruning on water supply, possibly through increased water transport in the remaining roots.
This experiment investigated kiwifruit vine transpiration and hydraulic conductance following root pruning. Whole vine and individual root hydraulic conductances were observed to investigate the hypothesis that following root pruning, these mature woody plants acclimate to the reduction in root surface area through rapid increases in the hydraulic conductance of the remaining intact roots. Leaf gas exchange responses were monitored with the expectation that photosynthetic rate and stomatal conductance would be reduced until there was a complete recovery in whole plant hydraulic conductance. Because of the severity of the root pruning treatment being tested, it was also expected that shoot and fruit growth rates would be reduced. 1 m above the ground with two vertical scion stems trained in opposite directions along the row, in a pergola system with 6 m spacing between plants within the row and 5 m spacing between rows. The soil type was Te Puke sandy loam. Cultural management was standard to the cultivar, adapted from recommendations for A. deliciosa (Sale and Lyford 1990) . Fertilizer regime for the block included an annual granular application of potash, potassium, sulphur and magnesium followed by two nitrogen and potassium sulphate applications timed at budburst and petal fall. Crop load was maintained at ~42 fruits m −2 . Vines were not irrigated prior to or during the experiment; weather and soil water conditions were not considered to be water limiting. Weather data were collected from a weather station on site; rainfall for the period August 2009 to February 2010, inclusive, was 1007 mm, with 111 mm of rainfall during the experiment period of January and February 2010. Soil volumetric water content of a neighbouring kiwifruit block, ~50 m from test vines, averaged 20% to a depth of 0.7 m and 38% between 0.7 and 1.3 m during the same period. Field capacity for this soil type is of the order of 38% along a soil profile to a depth of 1 m (Cotching 1998) .
Root pruning
Vines were selected from two rows, selecting for vines of similar size and avoiding neighbouring vines. Four vines, two from each treatment, were in Row 1, with the remaining two vines in Row 2. A hole ~0.8 m in diameter was excavated around the base of each vine using a high-pressure water gun, exposing the junction between the root collar and all roots. One root pruning treatment was studied, severing ~80% of roots in early January, in comparison with controls with zero roots severed, with three vines per treatment. The timing of treatment application (~80 days post-50% full bloom) was selected to coincide with the phase of increasing starch accumulation in the fruit (Richardson et al. 1997) . Cutting off 80% of roots was considered representative of the more severe treatment likely to be encountered with commercial root pruning. Sapwood area of all major roots was estimated close to the root collar from measurements of individual root diameters inclusive of bark, and bark thickness. Roots were selected as representing 80% of sapwood area with an approximately even azimuth distribution around the circumference of the stem. Selected roots were severed around midday, 5 January 2010, using a hand pruning saw, with a section of root removed to prevent healing. The vine side of the severed roots was painted with pruning paint, and the root collar was left excavated.
Whole vine hydraulic conductance
Hydraulic conductance was measured in the trunks and roots of vines using the evaporative flux method (Tsuda and Tyree 1997) . Trunk sap flux was measured to determine transpiration (E plant ) using the heat dissipation technique (Granier 1987 , James et al. 2002 , with two sets of probes installed per vine, one in each leader trunk. Probes were installed at least 1 m above ground, in the vertical part of the scion. Bark plugs were removed using a cork borer and the 12 mm long aluminium tip of the probes was inserted flush with the cambium. It was assumed that all sapwood contained conducting xylem. Installation in the outer 10 mm of sapwood does not account for radial variation in flow rates; however, the purpose of the probes was to identify a treatment response. Effects of water stress on sap flow are suggested to be most noticeable in the outer xylem, and heat dissipation probes have been found to identify such a response accurately (Gonzalez-Altozano et al. 2008) . Probes were connected to a multiplexer (AM416; Campbell Scientific, UT, USA) and datalogger (CR10X; Campbell Scientific). The average temperature difference between the heated and unheated probes (ΔT, °C) was recorded at 30 min intervals. Probes and the surrounding trunk were insulated from solar radiation with reflective foil insulation.
Xylem pressure potentials (Ψ, MPa) were measured periodically pre-and post-treatment, using a pressure chamber. Measurements were made between 11:00 and 15:00 h on clear, sunny days, selecting fully expanded, mature leaves. Leaves were selected from different locations within the canopy: non-transpiring leaves, covered by foil bags, positioned at the top of the trunk were used to measure Ψ trunk ; non-transpiring and transpiring leaves were selected at the end of shoots to be representative of Ψ shoot and Ψ leaf , respectively (Clearwater et al. 2004 ). Pre-dawn Ψ values were recorded as a measure of Ψ soil . Three leaves were assessed per vine for each component of Ψ; average Ψ for each vine, location within the canopy and time of sampling was then used along with the corresponding whole vine sap flux to calculate whole vine hydraulic conductance (K, kg MPa −1 s −1 ) as
where ΔΨ is the difference between Ψ at points along the hydraulic pathway ( Clearwater et al. 2004 ). Leaf area measured at the start of the experiment was used to calculate leaf area specific hydraulic conductance (K l , kg MPa −1 m −2 s −1 ) for the same portions of hydraulic pathway as K. Total leaf area was estimated as the count of short (<30 cm), medium (30-70 cm) and long (>70 cm) shoots per vine, multiplied by the average number of leaves per shoot for each length class. The sum of leaves per vine was multiplied by the average leaf area as calculated from a 200 leaf sample measured using an area meter (LI-3100; LI-COR, Inc., Lincoln, NE, USA). Leaf area specific hydraulic conductance was calculated as
Calibration of heat dissipation probes
Heat dissipation probes underestimate sap velocity if part of the heated probe is in contact with non-conducting xylem or if sap flux density is highly heterogeneous within the sapwood (Clearwater et al. 1999) . Spatial variability in sap flux is likely in a semi-ring porous species with large vessels, including kiwifruit (Phillips et al. 1996) , and a previous study has found that heat dissipation sap flux measurements underestimate kiwifruit orchard transpiration (Silva et al. 2008) . To calibrate the technique, a 10-year-old yellow kiwifruit vine, grown in the orchard in a root control bag, was transferred to a 150 l pot on a weighing lysimeter located inside a glasshouse. The pot was sprinkler irrigated at 8 h intervals and covered to prevent evaporation from the soil. Drainage from the pot was recorded with a tipping bucket rain gauge and two sets of heat dissipation probes were installed in the trunk. Average ΔT from the heat dissipation probes, lysimeter weight and total drainage were recorded at 30 min intervals using a datalogger, and transpiration recorded as weight loss after accounting for drainage. Sapwood ΔT was estimated from measured ΔT as
where 'a' is the proportion of the probe in contact with active xylem and ΔT m is the maximum ΔT recorded when sap flux is expected to be minimal (Clearwater et al. 1999) . In this case, the proportion 'a' was unknown, and was found as the value that gave the best agreement between sap flow estimates of E plant , calculated using Eq. (3) and the original empirical calibration for heat dissipation probes (Granier 1987) , and lysimeter measurements of E plant (Figure 1 ). Without correction, heat dissipation sap flow measurements underestimated E plant by 60%. The fitted value of 'a' (Eq. (3)) was 0.65, close to the average estimate of 0.60 arrived at by Silva et al. (2008) . Equation (3) was subsequently used to correct all heat dissipation sap flow estimates of vine E plant made in the orchard.
Root hydraulic conductance
Root sap flux was measured using the compensation heat pulse method as described by Green and Clothier (1995) . Sap flow was measured in two roots for each of four vines, two control and two 80% root-pruned. Roots were selected with approximate diameters of 33-56 mm inclusive of bark, and sap flow probes were installed flush with the cambium after removing bark plugs. Heater probes received a 1.5 s heat pulse every 30 min, with temperature cross-over times recorded using a multiplexer and datalogger (AM25T and CR10X; Campbell Scientific). Sap flux density was calculated in accordance with Green and Clothier (1988) , using a wound diameter of 2 mm, as previously verified for kiwifruit roots (Green and Clothier 1995) , and scaled to a whole root system flux based on measurements of total root xylem cross-sectional area, measured close to the trunk. To calculate the hydraulic conductance of individual roots (K root ), Ψ trunk was used in Eq. (1) to obtain ΔΨ and root flux was substituted for E plant . The soil to root pathway is thought to present the greatest resistance to water movement between the soil and the top of the stem (McAneney and Judd 1983) , and test measurements of Ψ on non-transpiring shoots close to the base of the trunk did not differ significantly from measurements on non-transpiring leaves at the top of the trunk (data not shown). It was therefore considered appropriate to use Ψ trunk in place of Ψ root to calculate K root .
Leaf gas exchange
Net photosynthesis (A) and stomatal conductance (g s ) under ambient conditions were measured using a portable gas exchange system (LI-6400, LI-COR Inc.). Measurements were made pre-treatment, at two timings; and post-treatment, within 1 and 2 h and five timings within the following 3 weeks.
Root hydraulic conductance in a woody liana 511 Measurements were taken around midday on sunny, cloudless days using natural light. Four to six leaves were assessed per vine, selecting for fully expanded mature leaves in a full sun position. Chamber CO 2 concentration was controlled at 400 µmol mol −1 and the vapour pressure deficit was maintained at an average of 2.4 kPa.
Leaf samples were collected at weekly intervals, pre-and post-treatment for δ 13 C isotope analysis, to determine the relative stomatal limitation of A. Two samples of five to eight young, newly emerging leaves were collected per vine, based on the assumption that expanding leaves were representative of recently fixed carbon (Meinzer et al. 1993 ). Samples were dried at 80 °C to a constant weight, finely ground, and 2.8 mg samples were weighed into foil cups. A mass spectrometer (20/20 isotope analyser; Europa Scientific, Crewe, UK) at the University of Waikato Stable Isotope Unit was used to measure δ 13 C (‰) discrimination in comparison with the Pee Dee belemnite standard.
Growth
Vegetative growth was observed by measuring the length of three actively growing shoots per vine at weekly intervals, commencing pre-treatment, on 1 December 2009. Measurements continued until the majority of shoots terminated growth in late January. Fruit growth was measured on four randomly selected and tagged fruit per vine at weekly and then fortnightly intervals from pre-treatment until harvest, on 7 May 2010. Fruit length and minimum and maximum diameter at the equatorial region were measured with digital callipers ('IP67'; Sylvac, Crissier, Switzerland). Measurements were used to estimate fruit fresh weight as described by Minchin et al. (2003) . At harvest, 18 fruits were sampled per vine and weighed to obtain actual fresh weight. Fruit firmness (kgf) was measured using a penetrometer ('Fruit Texture Analyser'; GUSS, Strand, South Africa) and soluble solid content (%) was measured using a refractometer ('Master'; Atago, Tokyo, Japan). Dry matter (D m ) content was calculated by taking a 2 mm slice from the equatorial region of each fruit, weighing the fresh slice (W f ), drying at 65 °C to a constant weight and re-weighing (W d ). Dry matter content (%) was calculated as
Statistical analysis
Statistical analyses were carried out in R, version 2.10.1 (cran.r-project.org). Data were tested for normal distribution using the Shapiro-Wilk test, and log transformations were performed to normalize data where required for analyses. Treatment differences were tested using analysis of variance (ANOVA). Where repeated measurements were collected from individual plants over time, the ANOVA model included timing as an error term. Linear regression was used to compare the pre-and post-calibration relationship between actual and estimated transpiration. Correlations between nocturnal sap flux and vapour pressure deficit were tested using Pearson's correlation.
Results

Root hydraulic conductance
Hydraulic conductance (K root ) of individual intact roots was not affected by root pruning, in comparison with pre-treatment. The large reduction in root cross-sectional area combined with no change in intact K root resulted in a significant (P < 0.05) reduction in whole root system leaf area specific hydraulic conductance (K l-rootsystem ), with no clear evidence of a recovery during the month following treatment (Figure 2) . Root sap flux pre-treatment was lowest (P = 0.28) in the roots chosen for monitoring in root-pruned vines. Pre-treatment average root sapwood area specific flux (± SE) was of the order of 29.4 ± 3.3 g m −2 s −1 for control vines and 23.4 ± 4.1 g m −2 s −1 for root-pruned vines. On the day of pruning, peak flux estimates in intact roots of root-pruned vines increased by almost 400%, and then decreased to 150% of pre-treatment values within 4 days (Figure 3a) . When root sap flux was scaled to the entire root system based on root sapwood area, whole root system flux increased briefly on the day of treatment (Figure 3b ), but from 1 day post-treatment onwards was 72% lower than pre-treatment. Individual root sap flux post-treatment in root-pruned vines was generally higher during periods of low flow, such as overnight ( Figure  3a) or following periods of rainfall. At a given vapour pressure deficit, nocturnal root flux was higher (P < 0.05) in root-pruned vines pre-treatment, averaging 3.6 ± 0.1 g m −2 s −1 more than in control vines. Post-treatment, the difference between control and root-pruned vines more than doubled, with root-pruned Figure 2 . Whole root system, leaf area specific hydraulic conductance for control and root-pruned A. chinensis vines. Root pruning was performed on 5 January 2010. Data are means ± 1 SE; n = 4 roots. vine nocturnal flux averaging 9.9 ± 0.2 g m −2 s −1 higher than control vines in the 2 weeks post-treatment (Figure 4b ). Higher nocturnal root sap flux was not associated with higher rates of nocturnal transpiration, measured as sap flow in the upper trunk (Figure 4a ). Nocturnal root flux was better correlated with vapour pressure deficit in control vines (r = 0.93, P < 0.05), and less so in root-pruned vines (r = 0.71, P < 0.05). Estimates of daily root system flux over the 4 weeks post-treatment ranged from 6.8 to 42.3 ± 1.6 kg day −1 in control vines and 6.3 to 20.4 ± 0.6 kg day −1 in root-pruned vines. Absolute values for daily root system flux were not identical to trunk flux, as root flux was an average of two rather than three vines, and was measured using a different method.
Whole vine hydraulic conductance
Pre-treatment trunk sap flow rates were similar for all vines, with daily E plant averaging 39.6 kg day −1 . A clear decline in rootpruned vine E plant (P < 0.05) was evident within 1 day of treatment and was maintained throughout the experiment ( Figure 5 ). During the 5 days pre-treatment, leaf area specific E plant averaged 0.33 ± 0.01 kg m −2 day −1 , declining to an average of 0.22 ± 0.01 kg m −2 day −1 during the 5 days post-treatment. Over the same time period, the drop in control vine transpiration was 0.01 kg m −2 day −1 . Root pruning had a rapid and significant (P < 0.05) effect on midday xylem pressure potential (Ψ). Midday leaf, shoot and trunk Ψ values ( Figure 6b ) were consistently more negative for root-pruned vines from 1 day post-treatment for the duration of the experiment. Pre-dawn Ψ values in root-pruned vines were reduced significantly (P < 0.05) 2 days post-treatment by an average of 0.02 MPa; measurements taken at other timings showed no significant Root hydraulic conductance in a woody liana 513 difference. Pre-dawn Ψ was not measured as frequently as midday Ψ; therefore, an average per vine was used for calculating K. Root-pruned vines demonstrated reduced E plant and increased ΔΨ, leading to significant reductions in K l (Figure 6c ). Comparing the week pre-with the week posttreatment, control vines demonstrated a 0.3% decline in E plant , whilst E plant in root-pruned vines declined by ~29% ( Figure 5) ; reductions in root-pruned vine Ψ trunk post-treatment resulted in increased ΔΨ by an average of 52%. Day-to-day variations in E plant and Ψ were attributable to variable weather conditions, typical of New Zealand's maritime climate, and the trend for increased midday E plant post-root pruning (Figure 6a ) was a result of increased temperatures and light levels post-treatment. On the day of treatment, leaf area specific hydraulic conductance (K l-trunk ) was calculated pre-treatment and at 1 and 2 h post-treatment. Reductions in K l-trunk were evident in rootpruned vines within 1 h of treatment. Values remained reduced and relatively stable for the following 8 days; from 17 days post-treatment onwards, a slight, non-significant increase was evident. Significant reductions in K l were observed for the soiltrunk, shoot-leaf and soil-leaf pathways (K l-plant ) ( Table 1 ).
Leaf gas exchange
Root pruning resulted in consistent and significant (P < 0.05) reductions in A and g s (Table 2 ). Reductions in Ψ trunk within 1 h of treatment were associated with reduced g s . Two hours posttreatment, g s reduced further, whilst Ψ trunk was maintained. One day post-treatment, no further reductions in g s were evident, although Ψ trunk declined further, reaching its lowest value. In control vines, A and g s demonstrated a general trend of increasing post-treatment, with a 23% increase in A and a 32% increase in g s. Root-pruned vines demonstrated a minimal increase in A, and g s was reduced in comparison with pretreatment. Reductions were maintained until final measurements were taken, 24 days post-treatment. During the same period c i was not significantly affected. After root pruning, expanding leaf δ 13 C was generally higher for root-pruned vines, although not significantly so (P = 0.074).
Growth rates
Leaf area of the six vines averaged 120.5 ± 11 m 2 for rootpruned vines and 112.7 ± 14 m 2 for control vines. Vegetative growth was active at the time of treatment; termination of vegetative growth was evident in all vines in mid-late January. During the experiment there were no visible symptoms of stress (including leaf wilting, leaf drop or fruit drop). Extension of actively growing canes on root-pruned vines was maintained at rates equivalent to that of control vines (Table 3) . Fruit growth rate was increased in root-pruned vines following treat-514 Black et al. Figure 6 . (a) Midday hourly transpiration rate and (b) midday trunk xylem pressure potentials in A. chinensis vines used for calculation of (c) leaf area specific hydraulic conductance for the soil to trunk pathway. Root pruning was performed on 5 January 2010. Data are means ± 1 SE; n = 3 vines. Table 1 . Effect of root pruning on leaf area specific hydraulic conductance (K l ) in A. chinensis vines, for the soil-trunk (K l-trunk ), trunk-shoot (K l-shoot ), shoot-leaf (K l-leaf ) and whole plant (K l-plant ) pathways. Values are means ± 1 SE; n = 3 vines at 9 timings post-treatment. Differences are considered significant at P < 0.05. , with significantly (P < 0.05) higher growth rates evident in April and May. At harvest fruit fresh weight, D m content and soluble solids content were all significantly (P < 0.05) increased by root pruning (Table 3) .
Discussion
Pruning 80% of root sapwood area close to the kiwifruit vine trunk did not have a significant effect on the hydraulic conductance of the remaining intact roots. Following observations of dynamic root responses to treatments such as soil drying and re-wetting (Vandeleur et al. 2009 ), and severing of roots (Vysotskaya et al. 2004) , it was expected that the reduction in water supply to the canopy, caused by this severe root pruning treatment, would be compensated by increased hydraulic conductance in the remaining intact roots. Our hypothesis that acclimation to reduced root surface area would involve increased hydraulic conductance in intact roots must, therefore, be rejected. The large reduction in whole root system hydraulic conductance is the result of combined reductions in root surface area without a change in individual root hydraulic conductance. There was no clear evidence of root system hydraulic conductance recovering in the short term; 1 month post-treatment, slight recovery was evident, which in this time frame might be attributed to new root growth. New root growth has been suggested as a long-term recovery mechanism postroot pruning in apple trees (Geisler and Ferree 1984a) . Increased sap flux through intact roots of root-pruned vines was clearly evident within 1 day of treatment. Post-treatment, the contribution of measured roots to whole vine water use in the two root-pruned vines increased from 2.8 and 9.1% to 8.26 and 16.56%. Previous studies investigating the effects of root excision on sap flow in woody species are few. Studying conifer trees, Nadezhdina and Cermak (2000) observed root sap flow, when roots upstream of the sensor were severed. Depending on the severity of the root excision, they observed small, temporary increases in flow through the root closest to the trunk. It was suggested that following root excision there was a temporary compensatory increase in water uptake in the remaining root (Nadezhdina and Cermak 2000) . In the present experiment, root hydraulic conductance was not increased, suggesting that the increase in sap flux was not related to physiological changes in the roots, such as aquaporin expression, but rather was a response to the increased pressure Root hydraulic conductance in a woody liana 515 Figure 7 . Estimated A. chinensis fruit fresh weight growth curve calculated from fruit length and diameter measurements. Root pruning was performed on 5 January 2010. Data are means ± 1 SE; n = 12 fruit. Table 3 . Effect of root pruning on shoot growth and fruit quality parameters in A. chinensis vines. Shoot growth data are means ± 1 SE; n = 9 shoots at 3 timings. Fruit data are final measurements taken at harvest; data are means ± 1 SE; n = 54 fruit. Differences are considered significant at P < 0.05. Table 2 . Effect of root pruning on photosynthesis (A), stomatal conductance (g s ), leaf internal CO 2 concentration (c i ) and leaf isotopic 13 C concentration in A. chinensis vines. Pre-treatment differences between root-pruned and control vines were not significant (P > 0.05); pre-treatment values are means ± 1 SE; n = 12 leaves. Post-treatment control and root-pruned values are means ± 1 SE; n = 6 leaves at 7 timings. Differences are considered significant at P < 0.05. (control & root-pruned) 0.001 0.003 0.690 0.074 gradient between root and canopy. These findings differ from responses observed following root excision in monocot seedlings (Vysotskaya et al. 2004) and from the drought response of roots of grapes, another lianoid species (Vandeleur et al. 2009 ). Failure to identify a change in root hydraulic conductance in these kiwifruit vines following root pruning may be a consequence of plant material. In the studies mentioned above, plants were smaller and younger, either being potted grape vines (Vandeleur et al. 2009 ) or hydroponic wheat seedlings (Vysotskaya et al. 2004) . Root system structure would, therefore, be very different from that of the mature kiwifruit vines used in this study, which would have had root systems largely comprised of roots that have undergone secondary development (Hughes and Gander 1989) . Aquaporin involvement would only be evident if the cell-to-cell pathway was a significant component of radial water movement into the roots (Bramley et al. 2007 ); therefore, it may be hypothesized that in kiwifruit roots, the apoplastic pathway is a considerable component of the radial movement of water. Compared with pretreatment fluxes, increased root sap flux in root-pruned vines was maintained throughout the 5 weeks of measurement, suggesting that there is redundancy in the hydraulic function of kiwifruit vine roots under normal growing conditions, with the potential for increased water transport under stress conditions. This supports the suggestion that kiwifruit vines have an excessive root:canopy ratio (Reid and Petrie 1991) . Redundant hydraulic capacity could be a cavitation avoidance mechanism, allowing xylem pressures to remain above the cavitation threshold, despite a large reduction in root system hydraulic conductance. Kiwifruit vessels have been found to embolize at low xylem tension, when xylem pressure potentials fall below −0.5 MPa (Clearwater and Clark 2003) . Nocturnal transpiration is common in kiwifruit (Green et al. 1989) , and was clearly evident in the present experiment. Nocturnal root sap flux was generally highest in root-pruned vines. Nocturnal root flux may be attributed to nocturnal transpiration, driven by vapour pressure deficit (Green et al. 1989) , or nocturnal rehydration of stem tissues (Bucci et al. 2004) . Lower nocturnal transpiration and weaker correlation of root sap flux and vapour pressure deficit suggest more reliance on capacitance to meet diurnal transpiration demands. The contribution of nocturnal sap flux to tissue rehydration has been suggested previously in olive (Fernández et al. 2001 ) and nocturnal root pressure may be involved in maintaining kiwifruit vine water status (Clearwater et al. 2007) .
Root pruning had a rapid effect on vine water use and leaf water status, resulting in symptoms similar to those imposed by water stress. Pre-treatment daily transpiration for control vines averaged 40 l day −1 , which concurs with previous estimates for kiwifruit in the order of 31 l day −1 (Green and Clothier 1995) to 60 l day −1 (Prendergast et al. 2007 ). Whole vine daily E plant in root-pruned vines was reduced immediately post-treatment, with reductions in stem flux of ~27%. Over the 2-month observation period there was no clear evidence of a recovery in E plant as seen in other species (Ferree et al. 1999 ); this could be because of treatment severity (Ferree et al. 1999) . These findings agree with previous research where root pruning has led to reduced E plant , Ψ leaf and K, as well as visible wilting in apple trees (Geisler and Ferree 1984a ) and grape vines (Ferree et al. 1999 , Smart et al. 2006 .
In control vines, the soil to trunk pathway contributed in the order of 30% to total plant resistance ( Table 1 ). Assuming that the majority of this resistance is in the root system, removing 80% of roots would result in a fivefold increase in root system resistance, resulting in an approximate doubling of total plant resistance, and therefore a 50% reduction in K l-plant . This is what was observed in root-pruned vines. Slight variances in the reduction of K l-plant between individual vines would be explained by the inability of our technique to accurately determine the amount of root biomass being removed. Reductions in K l-leaf were also observed and are considered to be associated with the reduction in Ψ leaf , as K leaf has been found to be responsive to Ψ leaf , assumed to be the result of cavitation (Brodribb and Holbrook 2003) .
Xylem pressure potentials were reduced by root pruning. Reductions in E plant and g s were evident, with a rapid stomatal response observed on the day of treatment. However, stomatal closure was insufficient to maintain pre-pruning Ψ values, suggesting that kiwifruit vines are anisohydric (Tardieu and Simonneau 1998) . Stomatal closure following root pruning is considered to be a response to changes in plant hydraulic conductance rather than a root-initiated signal such as ABA (Hubbard et al. 2001) . Stomatal responses in anisohydric species are less responsive to reduced K, demonstrating a curvilinear response (Hubbard et al. 2001) . It has been shown that kiwifruit stomata show little response until Ψ leaf becomes very negative, in the order of −2.9 MPa (Dick 1987) .
Reductions in g s indicate that stomatal limitation was responsible for reduced A. However, c i and leaf δ 13 C were not reduced, suggesting involvement of biochemical downregulation. Coordinated reductions in A and g s without a clear drop in c i have also been observed following water stress in kiwifruit (Chartzoulakis et al. 1993) . It was suggested that reduced A may be a result of a combined reduction in g s and chloroplast activity (Chartzoulakis et al. 1993) . Reductions in A following root pruning may also result from feedback inhibition caused by accumulation of photosynthates in leaves following reduced carbohydrate demand (Iglesias et al. 2002) . Kiwifruit vines under drought conditions can have larger specific leaf areas (Montanaro et al. 2007) , which indicates the association of reduced A and photosynthate accumulation in kiwifruit vine leaves. Maintenance of vegetative growth and increased fruit size and D m content suggest that A was not reduced in proportion to the reduction in sink demand, so that more carbohydrates became available to above-ground growth.
Previous root pruning research has demonstrated clear reductions in vegetative growth across a range of species (Ferree et al. 1999 , Maas 2008 . This severe root pruning in kiwifruit did not, however, suggesting that vegetative growth in kiwifruit vines is able to withstand the negative effects imposed by root pruning. Increased fruit size and D m content are intriguing, as results in other fruit crops have been variable. Negative effects on fruit have been reported, including reductions in size and yield in apple (Khan et al. 1998) , cluster and berry weight in grape (Ferree et al. 1999 ) and yield in peach (Kurtural and Taylor 2001) . Few reports of positive responses such as those seen here exist. In kiwifruit there is a close link between fruit growth and vine water status (Judd et al. 1989) , with even mild water shortage negatively affecting fruit growth (Prendergast et al. 1987) . It was therefore expected that the reduction in water supply to the canopy following root pruning would reduce fruit growth. Results suggest that the signal for reduced fruit growth under drought conditions is not necessarily hydraulic, and is therefore absent from the response to root pruning. It has been suggested that reduced fruit growth in plants experiencing low soil water availability is a result of a chemical signal produced in roots exposed to drying soil, rather than an actual reduction in plant water status (Mingo et al. 2003) .
In summary, severing a large number of structural roots resulted in coordinated reductions in K l-rootsystem , K l-trunk and K l-leaf , E plant , Ψ, A and g s . Sap flux in individual intact roots was increased with no change in K root ; there was no evidence of K plant recovering in the short term. Negative effects on the hydraulic status of root-pruned kiwifruit vines did not reduce vegetative growth, and fruit growth was increased. It is suggested that roots of the kiwifruit vine exhibit redundant hydraulic capacity, enabling tolerance to severe root system damage.
